These studies were performed to determine whether the reticulocyte can synthesize its own transferrin receptor and, if so, whether synthesis is subject to translational control by intracellular heme.
Introduction
Immature erythroid cells possess abundant receptors for the plasma iron-binding protein transferrin (1) . The presence ofthese receptors allows iron to be incorporated into these cells and to be used in the synthesis of heme (2) . Hemoglobin synthesis continues during the maturation of erythroid cells, and persistent expression of transferrin receptors on the reticulocyte surface facilitates rapid iron uptake, even after these cells are discharged Dr. Cox's present address is Department of Medicine, Royal Postgraduate Medical School, London, W. 12, England.
Receivedfor publication 14 March 1985 and in revisedform 24 June 1985. into the circulation (3) . The importance of functional transferrin receptors for maintenance of heme production thus raises the possibility that reticulocytes may also retain the ability to synthesize their own receptors.
Active protein synthesis by immature erythroid cells is dependent upon intracellular heme (4) . Extensive studies with reticulocyte preparations in vitro have shown that in heme deficiency a latent protein kinase, which phosphorylates the initiation factor eIF-2, is activated (5) . The phosphorylated eIF-2 sequestrates another factor responsible for its recycling, thereby inhibiting polypeptide chain initiation on ribosomes. As a consequence, protein synthesis ceases (6) . This translational control process obtains for the synthesis of reticulocyte proteins generally (7, 8) .
The condition that most commonly leads to intracellular heme depletion in erythroid tissue is iron deficiency. In such circumstances, the additional question is raised as to whether synthesis of the transferrin receptor itself is influenced by heme deficiency in immature erythroid cells. Active synthesis of receptors in these cells could be advantageous, since it might facilitate the rapid recovery of hemoglobin synthesis during periods of repletion of iron stores. Accordingly, experiments were carried out to determine whether reticulocytes synthesize transferrin receptors and, if so, whether this process is subject to translational control by intracellular heme.
Methods
Cells. Reticulocytosis was induced in male rabbits weighing 2.5-4.5 kg by repeated phlebotomy. 20-50 ml of blood was drawn from the ear 2-3 times weekly. The hematocrit was maintained at 25-35%, with a reticulocyte count of 15-40% as judged by staining with New Methylene Blue N (B-463 1, Sigma Chemical Co., St. Louis, MO). The cells, hereafter designated reticulocytes, were washed thrice in reticulocyte saline (RS)' (0.13 M NaCl, 0.0074 M MgCl, and 0.005 M KCI buffered to pH 7.4 with 0.01 M Na-Hepes) and collected by centrifugation in a bench centrifuge. The buffy coat was carefully aspirated after each cycle. In some experiments, leukocytes and platelets were removed by elutriation through a column of cellulose matrix equilibrated in RS (9) .
Preparation oftransferrin. Transferrin was prepared from rabbit serum by the method of Baker et al. (10) . The protein was further purified by passage through columns of DEAE-Affi-Gel Blue (Bio-Rad Laboratories, Richmond, CA). When applied to this gel in 0.02 M sodium phosphate at pH 8.0, the transferrin did not bind and was recovered in the void fractions. Electrophoretic purity after this step was >95%. The extinction coefficient of a 1% wt/vol solution of the iron-saturated protein at 280 nm was taken to be 14.0.
Isolation of transferrin receptor. Transferrin receptor was purified from reticulocyte stromal membrane by affinity chromatography on columns ofimmobilized ligand. 40 ml ofwashed, packed reticulocytes were lysed in 10 vol of ice-cold deionized H20. After sedimentation at 10,000 g for 20 min, the membrane pellet was washed in 0.13 M NaCl-0.0 1 M buffer, and Triton X-100 was added to a final concentration of 1% wt/ vol. The clarified mix was swirled on ice for 30 min and then centrifuged at 105,000 g for I h at 20C. The resulting supernatant was used for isolation of receptor.
Affinity matrix was prepared by linking rabbit transferrin covalently to agarose gel with the use ofcyanogen-bromide-activated Sepharose 4B (Pharmacia Fine Chemicals, Piscataway, NJ). The final concentration of immobilized protein was 2 mg/ml of swollen gel. The gel was treated with 0.5% wt/vol acetic acid and then equilibrated in Hepes-Saline buffer containing 0.1 % wt/vol Triton X-100 before use. The gel was then treated with fresh neutral ferric nitrilotriacetate (0.5 ml of a 200-gM solution, 4:1 chelate/metal ratio, per milliliter of gel) to saturate the ligand before chromatography.
Affinity chromatography was carried out at room temperature using a 2-ml bed volume of transferrin-Sepharose. Supernatant extract of reticulocyte membranes was passed through the column at 40 ml/h and followed by 50 ml of buffer containing 0.5 M NaCI and 0.1% Triton X-100. The column was reequilibrated with 0.01 M Hepes, 0.13 M NaCI, and 0. 1% Triton X-100. Transferrin receptor was eluted with a five bed volume pulse of 0.5% wt/vol acetic acid in 0.1% Triton X-100 and immediately neutralized by addition of I M Na-Hepes, pH 7.5. The eluted protein was concentrated by precipitation with TCA in the presence of sodium deoxycholate (11). After centrifugation, the precipitate was washed in diethylether and treated with 5 ml 2:1 vol/vol acetone/methanol overnight at -20°C. The final pellet of white protein was dissolved in hot 9-M urea. The estimated yield was 1-2 mg.
Transferrin receptor antibody. Receptor antibody was raised in a 45-kg sheep. The animal received 0.2 ml Bordetella pertussis antigen (Difco Laboratories, Detroit, MI) subcutaneously at two sites and before immunization was bled 100 ml. Denatured receptor (200-400 Mg) in Freund's complete adjuvant (Difco Laboratories) was then injected intradermally at 10 sites and subcutaneously at 4 sites. This procedure was repeated at 3 and 5 wk and finally at 9 wk. 10 d after the last immunization, the animal was exsanguinated and the serum stored at -70°C.
IgG was prepared from preimmune and immune sera by ammonium sulfate fractionation and chromatography on DEAE-Affigel Blue (12) . Immunoaffinity gel was made by linking ovine IgG to CNBr-Sepharose 4B; control gel was prepared in parallel using preimmune IgG. These gels contained 1.5 mg immunoglobulin/ml packed beads. Immunoaffinity chromatography was carried out at room temperature in the presence of 0.01 M Na-Hepes, 0.13 M NaCl, and 0.1% Triton X-100, pH 7.4. Aliquots of reticulocyte extracts were applied slowly to 0.5 ml of IgGSepharose in 3-ml econocolumns (Bio-Rad Laboratories). After 5 min, the columns were washed through with 3-column vol of buffer at a flow rate of 10 ml/h and the total eluate was collected for analysis. Rabbit anti-sheep IgG was prepared from the serum of a rabbit immunized with preimmune IgG and affinity purified by acid-elution after absorption on ovine IgG immobilized on cyanogen bromide-activated Sepharose 4B. Two-dimensional immunodiffusion showed a single major precipitation line with reactions of identity against whole sheep serum and purified IgG (13).
Receptor antibody was further purified by affinity absorption on erythroid membranes. All affinity procedures were carried out in 0.13 M NaCI-0.0l M Na-Hepes, pH 7.4, containing EDTA (10 mM), aprotinin (100 IU/ml) azide (0.02%), and phenylmethylsulfonylfluoride (0.5 mM) at the indicated final concentrations, to inhibit proteases and microbial growth. IgG (10 mg/ml) or a 1: I dilution of serum was first treated with 2 ml of 2 mg/ml transferrin-Sepharose 4B for 2 h at room temperature to remove any contaminating antibodies directed against rabbit serum transferrin. The antibody solution was then tumbled overnight at 4°C with normal erythrocyte stroma prepared from a rabbit that had not been previously bled. The membranes were removed by centrifugation at 10,000 g and the supernatant was then absorbed by identical treatment with washed stroma prepared from rabbit reticulocytes. The stroma was harvested by centrifugation and washed likewise three times in Hepessaline and once in 0.6 M NaCl buffered to pH 7.4 with 0.01 M NaHepes.
Affinity purified antibody was removed from stromal receptors by treatment with 10 vol of 1% vol/vol acetic acid. After 10 min, the mix was centrifuged at 10,000 g and the supernatant, containing antibody, was neutralized by the addition of 1.5 M Tris-HCI, pH 8.8. After neutralization, contaminating stromal proteins are denatured and precipitated so that specific antibody may be prepared from the eluate after further centrifugation. Purified antibody was concentrated by dialysis against saturated ammonium sulfate. The precipitated material was collected by centrifugation, dissolved in water, and equilibrated in Hepes-saline by further dialysis. At an assumed extinction coefficient of 14.0 for a 1% wt/vol solution at 280 nm, the final yield of antibody was -8 mg, after clarification by further centrifugation at 12,000 g. Immunodiffusion against rabbit anti-sheep IgG confirmed the presence of ovine immunoglobulin, which was judged to be >80% pure by electrophoresis.
Analysis of labeled transferrin receptor. For labeling, reticulocytes were incubated as a 20-33% suspension in RS at 370C in the presence of 1 mg/ml iron-saturated transferrin at 0.1% D-glucose. Isotopes were obtained from New England Nuclear, Boston, MA. Except where indicated, the incubation mixture also contained 20 L-amino acids, each at a final concentration of 50 MM. Cell suspensions were agitated to maintain oxygenation and avoid clumping. In experiments with L-[35S]methionine (NEG-004T), label (>1,000 Ci/mmol) was added at 0.4-1.5 mCi/ml cells in the presence of the 19 unlabeled L-amino acids. Overall protein synthesis was determined by counting the TCA-insoluble radioactivity incorporated into total cell protein (14) . Hemin for addition to the mix was dissolved in I M NaOH and brought to pH 7.4 with Hepes before use; control incubations without hemin contained equivalent amounts of buffer and base. Intracellular heme deficiency was induced in intact cells by incubation with 4,6 dioxoheptanoate added as a neutral solution in RS (15) .
Reticulocytes were surface labeled in situ with 125j (NEZ-033L, 17 Ci/mg, reductant free) using lodo-Gen reagent (Pierce Chemical Co., Rockford, IL), and following the procedure were recommended by the manufacturer. I ml of reticulocytes was incubated at 250C with 100 MCi 1251 in 0.01 M Na phosphate, pH 8.5, and 0.135 M NaCI in an IodoGen-coated glass tube (Pierce Chemical Co.). After swirling for 30 min, the cells were recovered by centrifugation and washed twice in RS. The final pellet was solubilized in 2 ml buffer containing 1% Triton X-100, 10 mM EDTA, 1% vol/vol aprotinin (Sigma Chemical Co.), and 1 mM phenylmethylsulfonylfluoride. The 105,000-g supernatant was then analyzed by immunoprecipitation.
Washed reticulocytes were labeled with '251-transferrin after incubation in RS for 20 min at 370C to release cell-associated transferrin.
'251-transferrin (101 cpm/Ag) was prepared by the lactoperoxidase technique (16) and 20 Mg was incubated with I ml of packed cells for I h at 00C in a final volume of 2 ml. The mixture was made 2% wt/vol in Triton X-100 and centrifuged at 30,000 g for 60 min to obtain a detergent extract ofreticulocyte-associated transferrin for analysis by gel-permeation and immunoaffinity chromatography.
Incubations for metabolic labeling studies were stopped after 1 to 6 h by dilution in 10 vol of ice-cold RS and rapid centrifugation of the cell pellets. The pellets were washed twice by centrifugation before lysis in detergent. It was found that the combination of 1% wt/vol Triton X-100, 1% wt/vol sodium deoxycholate, and 0.1% wt/vol SDS reduced nonspecific precipitation, and in buffer containing 150 mM NaF, 10 mM EDTA, and 20 mM Tris-HCI, pH 7.5, rapidly solubilized the pellets. Typically, 100-300 Ml of cells were taken up in 1 ml of solubilization buffer and centrifuged at 105,000 g at 20C. The high-speed supernatant was used for subsequent immunoprecipitation. Aliquots ofextracts were treated with 50 Mig of specific ovine IgG for 14 h on ice in a final volume of 1.4 ml. The second stage was completed by addition of 5-10-fold excess of affinity pure rabbit anti-sheep IgG and, after mixing at room temperature, the mixture was left for an additional 2 h on ice.
Immunoprecipitates were harvested by centrifugation at 12,000 g for 15 min and washed five times by dispersing in solubilization buffer and recentrifuging. The precipitates were taken up at 90'C in 45 Al 9 M urea and 10 Al beta mercaptoethanol, and, after addition of 55 JAI of twice-concentrated sample buffer containing SDS, were boiled for 5 min.
Immunoprecipitated receptor was analyzed by gel electrophoresis in 7.5% polyacrylamide slabs according to Laemmli (17) . Gels were stained routinely with Coomassie Blue and after drying were subjected to radioautography using Kodak X-Omat XAR-5 film (Eastman Kodak Co., Rochester, NY). "S-labeled proteins were detected fluorographically using Enhance (New England Nuclear). The migration of labeled proteins of interest was compared with standards (Bio-Rad Laboratories) by overlaying radioautograms onto the original gel. Radioactivity in TCA-insoluble extracts on filters and solubilized immunoprecipitates was measured in a scintillation counter after decolorization with hydrogen peroxide.
Results
The material isolated by affinity chromatography of reticulocyte extracts on transferrin-Sepharose has many of the characteristics reported for transferrin receptors, including the ability to bind repeatedly to the gel in the presence of low concentrations of Triton X-100, after desalting (not shown). To determine whether the antibody raised against this protein component after antigen denaturation could recognize native receptors on the reticulocyte surface, gel permeation chromatography was used to prepare solubilized receptors labeled with '25I-transferrin (Fig. 1) . Three peaks of radioactivity were detected after Sephadex G-200 chromatography of detergent extracts prepared from reticulocytes following incubation with '251-transferrin at 0C: a form eluting close to the void volume (peak 1); a peak coincident with free transferrin and appearing just before hemoglobin (peak 2); a small peak appearing after one bed volume and probably representing free iodide. Aliquots of peaks 1 and 2 were applied to columns of ovine IgG-Sepharose and the amount of bound radioactivity was quantified (Table I) pable of binding transferrin, an extract of 1 ml reticulocytes was prepared after labeling for 4 h in the presence of L-[35S]methionine and applied to a 1-ml column of transferrinSepharose gel. The procedure for affinity purification of receptor was followed as described in Methods. After elution and concentration of the protein specifically bound by the gel, the material was electrophoresed together with a sample ofcrude extract and subjected to radioautography (Fig. 3) Fig. 3 . Radiolabeled receptor was identified only in the 10,000-g membrane pellet. The two tracks represent the effects of treatment of the cells with 50 MM hemin in addition to diferric transferrin (Fig. 4) . In the presence of transferrin, and therefore presumably with adequate intracellular heme, exogenous hemin did not appreciably affect receptor synthesis. Accordingly, the effect of intracellular heme deficiency on synthesis of protein overall, and particularly of the transferrin receptor, was investigated (Fig. 5 (19) , such that functional receptors are absent from the surface of mature erythrocytes. Although reticulocytes are anucleate, they continue to synthesize a variety of proteins (20) and contribute up to 30% of the hemoglobin complement of the mature erythrocyte (21) . In this study, immunochemical techniques, employing specific antibody to denatured receptor, were used to determine whether reticulocytes synthesize the transferrin receptor. Observations are presented that indicate that this antibody recognized functionally intact receptors expressed on the cell surface. The use of reticulocytes made it possible to determine whether the biosynthesis of transferrin receptors reflects the operation of the heme-regulated control of protein synthesis in immature erythroid cells (6) (7) (8) .
Experiments carried out with different reticulocyte preparations consistently showed that this cell retains the capacity to synthesize transferrin receptor and insert newly made receptor into stromal membranes. The structural characteristics of the labeled receptor recognized by our antibody are in accord with previous analyses of transferrin receptors detected in cultured human cells (22, 23) , human placenta (24) , and human (25) or rabbit reticulocytes (26, 27) . Quantitative studies indicated that incorporation of radiolabeled methionine into the receptor moiety accounted for 0. (28) . Nonglobin proteins in reticulocytes are synthesized predominantly on membrane-bound polyribosomes that sediment at low centrifugal forces (29 (8, 31, 32) .
In heme deficiency, the heme-regulated eIF-2a kinase is activated, eIF-2a is phosphorylated, a nondissociable complex of eIF-2(P) and the recycling factor is formed, and recycling factor becomes limiting in the initiation of protein synthesis (33) . As a result, the recycling of eIF-2 is inhibited, the formation of the ternary complex (eIF-2 -Methionyl-tRNAf-GTP) is inhibited, and the formation of the complex of the 40S ribosomal subunit with the ternary complex is diminished. When 40S -Met-tRNAf complex formation is diminished, the translation of various mRNAs will vary depending on their amounts and on their affinity for the 40S* Met-tRNAf complex; for example, in heme deficiency, the translation of a-globin mRNA is much more inhibited than that of f3-globin mRNA, because of the greater affinity of the f,-globin mRNA for the 40S-Met-tRNAf complex (32 
